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A mechanistic study of AIE processes of TPE
luminogens: intramolecular rotation vs.
configurational isomerization†
Zhiyong Yang,ab Wei Qin,b Nelson L. C. Leung,b Mathieu Arseneault,b
Jacky W. Y. Lam,ab Guodong Liang,b Herman H. Y. Sung,b Ian D. Williamsb and
Ben Zhong Tang*abc
Chromophores containing olefinic double bonds are the core components of many important luminogen
systems that show the novel photophysical eﬀect of aggregation-induced emission (AIE). The role
and extent of E–Z isomerization (EZI) of the double bond in affecting the solution emissions of the AIE
luminogens (AIEgens), however, have not been fully understood. In this work, we verified the occurrence
of EZI in the dilute solutions of TPE-cored AIEgens by NMR spectroscopy using elaborate experimental
procedures. We further designed a TPE-fluorescein adduct to quantify that EZI plays a minor role
whereas intramolecular rotation plays a major role in the emission quenching processes of the AIEgen
solutions. This study fills the gap in the research on the restriction of the intramolecular rotation (RIR)
mechanism for the AIE effect and provides a useful tool for the mechanistic investigation of photo-
luminescence processes.
Introduction
Organic luminophores are usually hydrophobic molecules with
extended p-electron conjugations (e.g., aromatic compounds),
which naturally form aggregates when they are fabricated into
solid films or dispersed in aqueous media.1 Aggregation-induced
emission (AIE) is a process which contrasts the notorious eﬀect
of the aggregation-caused quenching (ACQ) process,2 in which
non-emissive luminogens are induced to emit light by aggregate
formation.3 The AIE eﬀect is useful in many practical situations,
as many technological applications of light emitters are realized
in the aggregate state, e.g., as aqueous nanosuspensions in bio-
imaging systems and as thin solid films in optoelectronic devices.
The unique anti-ACQ attribute of the AIE luminogens (AIEgens)
has attracted much attention among scientists and technologists
in the past decade.3g As a result of the enthusiastic research
eﬀort, a large variety of functional AIEgens have been developed
and their practical applications as smart materials, chemical
sensors, biomedical probes, and solid-state emitters have been
demonstrated.3–14
In addition to its practical implications, the AIE eﬀect is also
of academic value. The decipherment of the AIE mechanism, for
example, will help deepen our understanding of luminescence
processes and guide our endeavours in designing new eﬃcient
luminophores. In an eﬀort to understand the AIE processes, we
proposed a working mechanism of restriction of intramolecular
rotation (RIR), on the basis of the experimental data collected from
the silole AIEgens such as hexaphenylsilole (HPS; Scheme 1a).3,14
According to the RIR mechanism, the isolated molecules of HPS
in a dilute solution are non-luminescent, because their excited
species are non-radiatively annihilated by the dynamic intra-
molecular rotation of their phenyl rotors around the single bonds
(as marked by the green-coloured curved arrows in Scheme 1).
The intramolecular rotation becomes diﬃcult or restricted when
the HPS molecules are aggregated due to the involved physical
constraint. This RIR process eﬀectively blocks the radiation-
less relaxation pathway and opens the radiative decay channel,
thus rendering the aggregates of HPS emissive. The RIR mecha-
nism has been proven valid in many AIEgen systems, espe-
cially the molecules with robust aromatic rings, such as HPS,
a HKUST Shenzhen Research Institute, Hi-tech Park, Nanshan, Shenzhen 518057,
China. E-mail: tangbenz@ust.hk
b Department of Chemistry, Division of Biomedical Engineering, Institute for
Advanced Study, Division of Life Science, State Key Laboratory of Molecular
Neuroscience, Institute of Molecular Functional Materials, The Hong Kong
University of Science & Technology (HKUST), Clear Water Bay, Kowloon,
Hong Kong, China
c Guangdong Innovative Research Team, SCUT–HKUST Joint Research Laboratory,
State Key Laboratory of Luminescent Materials and Devices,
South China University of Technology (SCUT), Guangzhou 510640, China
† Electronic supplementary information (ESI) available: Text describing the
experimental procedures for the synthesis of TPE-FM and TPE-Fl and their
characterization data; tables summarizing the crystallographic data of TPE-FM
configurational isomers. CCDC 928304 and 928305. For ESI and crystallographic
data in CIF or other electronic format see DOI: 10.1039/c5tc02924d
Received 15th September 2015,
Accepted 17th November 2015
DOI: 10.1039/c5tc02924d
www.rsc.org/MaterialsC
Journal of
Materials Chemistry C
PAPER
Pu
bl
ish
ed
 o
n 
18
 N
ov
em
be
r 2
01
5.
 D
ow
nl
oa
de
d 
on
 2
8/
08
/2
01
7 
14
:5
7:
50
. 
View Article Online
View Journal  | View Issue
100 | J. Mater. Chem. C, 2016, 4, 99--107 This journal is©The Royal Society of Chemistry 2016
1-butoxy-2,4,6-triphenylbenzene (TPB-BO) and 1,2,3,4,5-penta-
phenylbenzene (PPB; Scheme 1a).3,14
Tetraphenylethene (TPE; Scheme 1b) is another archetypical
AIEgen, whose AIE process, however, is complicated by the fact
that its central ethylenic double bond can be broken by UV
irradiation.15,16 This bond breakage generates radical or charged
species (TPE#,# = radical, cation and/or anion), which is often
observed in the systems of stilbene and its congeners.17 The
flipping over of the diphenylmethylene (DPM) units around the
central single bond yielded by the breakage of the olefin double
bond can cause a structural change, resulting in cis–trans or E–Z
isomerization (EZI).17–19 The question is: what is the relationship
between EZI and emission processes of a TPE-based AIEgen?
There have been a large number of studies on photophysics,
especially photoluminescence (PL), of stilbene and its analo-
gues (noting that TPE is structurally a stilbene derivative).17–19
Many laboratories have reported that EZI quenches PL in the
systems of stilbene derivatives. The photoinduced EZI transfor-
mation, for example, has been blamed to be the funnel for
annihilating the PL processes of the fluorogens in biological
systems, such as blue fluorescent antibodies.17h,18 Though EZI
has been generally believed to be the cause of the PL quench-
ing, some researchers have reported otherwise, revealing no
causative relationship between the two processes. For example,
the quantum yields of fluorescence (FF) and EZI (FEZ) for (E)-4-
[N-(4-methoxy-phenyl)amino]-40-cyanostilbene are both very low
(FF o 0.5%, FEZ o 1%).17
A series of substituted TPE derivatives have been designed
and developed, examples of which are given in Fig. 1. When the
steric eﬀect is increased from TPE-4mM to TPE-4oM, the FF of
solution (FF,S) is increased by4640 times!
17 Similarly, when the
two geminal phenyl rings are replaced by two bulky anthracenyl
rings, the resultant TPE-2An are emissive, showing a FF,S value
B97-fold higher than that of TPE-4mM. The enhancements in
FF,S have been rationalized to be caused by the RIR processes
activated by the severe steric eﬀects in the molecules of TPE-4oM
and TPE-2An.17
Does EZI play any role in the PL process of a TPE derivative?
To tackle this issue, in our previous studies, we prepared TPE
derivatives with asymmetrical substituents (TPE-XY; Scheme 1c).19
Single crystals of their E and Z isomers, however, could not be
grown from their solutions, preventing the identification of
their absolute molecular structures. Furthermore, it is diﬃcult
to discriminate between the configurational isomerization and
intramolecular rotation processes, which are extremely fast and
complex.18 Because of this, the relationship between EZI and PL
processes is not clear, leaving a gap in the mechanistic study of
AIE processes of TPE-based AIEgens.
Incorporation of polar groups into TPE is expected to
enlarge the diﬀerence in polarity between E and Z isomers
and to boost their separability. A new TPE derivative with polar
substituents is thus synthesized in this work (Scheme 2a). We
succeeded in separating their configurational isomers and in
growing their single crystals, thanks to the polarity diﬀerence
between their E/Z isomers and the crystallizability endowed by
their molecular structures. In our previous studies, we failed to
capture the EZI signals of the TPE derivatives by NMR spectro-
scopy.19 In this work, through elaborate eﬀorts, we succeeded
in following the EZI process by tracing the photoirradiation-
induced changes in the chemical shifts of the E and Z isomers
under ‘‘normal’’ PL spectral measurement conditions by using
the NMR technique.
To further discriminate between EZI and RIR processes, we
designed another new luminogen by molecularly melding TPE
and fluorescein (Fl) units (TPE-Fl; Fig. 2). It was anticipated that
the relative contributions of EZI and RIR to the PL process of
TPE-Fl could be distinguished and quantified by the excitations
with two diﬀerent wavelengths. The results obtained from two-
colour-excitation experiments revealed that although EZI was
involved, it played a minor role in the luminescence quenching
process. RIR was confirmed to play a predominant role in the
Scheme 1 Intramolecular rotation and configurational isomerization in
AIE systems.
Fig. 1 TPE derivatives carrying four methyl groups at meta (TPE-4mM)
and ortho (TPE-4oM) positions as well as two geminal anthracenyl sub-
stituents (TPE-2An).
Paper Journal of Materials Chemistry C
Pu
bl
ish
ed
 o
n 
18
 N
ov
em
be
r 2
01
5.
 D
ow
nl
oa
de
d 
on
 2
8/
08
/2
01
7 
14
:5
7:
50
. 
View Article Online
This journal is©The Royal Society of Chemistry 2016 J. Mater. Chem. C, 2016, 4, 99--107 | 101
PL processes of the luminogens, in agreement with our proposed
AIE mechanism.3 The results here oﬀer a more comprehensive
picture of emission processes in TPE-based AIEgens, filling up
the gap in the mechanistic study of AIE processes.
Results and discussion
Theoretically, an asymmetric structure can enable the EZI pro-
cess to be monitored and analyzed. The syntheses and isolation
of such TPE derivatives, however, had been troublesome. While
the Ti-catalyzed McMurry coupling is the most widely employed
reaction for the syntheses of TPE derivatives, it often produces
mixtures withB50% E :Z isomers. The first asymmetric AIEgen
prepared in our group was a dimethylated TPE derivative
(X = CH3, Y = H in Scheme 1).
19a A mixture with a Z-rich structure
was obtained from a Pd-catalyzed reaction, with the E-richmixture
being out of reach. The second asymmetric structure we studied
was a click product of a diethynylated TPE derivative.19b Though
the mixture could be separated into E and Z isomers, single
crystals could not be grown by recrystallization, preventing their
absolute molecular configurations from being unambiguously
determined by crystallographic analysis.
In this investigation, we incorporated electron accepting (A)
and donating (D) of fluoro (F) and methoxy (M) groups into
TPE, in an eﬀort to enlarge the diﬀerence in polarity between
the E and Z isomers of the resultant TPE-FM (Scheme 2). It was
hoped that the diﬀerence in polarity caused by the D–A inter-
action would enable the separation of the isomers by simple
silica-gel column chromatography, enabling the acquisition of
both E and Z isomers. The electronic interactions between the
polarized chromophores in TPE-FM may aid the growth of single
crystals for absolute structural analysis. As expected, our struc-
tural design strategy worked well. It permitted the separation of
the E and Z isomers of TPE-FM as well as the acquisition of their
single crystals for structural determination (CCDC ref. numbers
928304 and 928305). The crystallographic analysis data of the
TPE-FM isomers are summarized in Table S1–S4 of the ESI.†
As can be clearly seen from Scheme 2b, both E and Z isomers
of TPE-FM take propeller-shaped conformations and all of its
phenyl rings are twisted out of the plane of the central ethylenic
double bond (CaQCa0) with torsion angles of 43.31 to 56.61. This
kind of twisted conformation favours intramolecular rotations
of its phenyl rotors in the solution state, whereas the multiple
C–H  p interactions in the crystalline state barricade the intra-
molecular motions. In this way, like other TPE derivatives, the
isomers of TPE-FM both show distinct AIE activity. Examples of
the PL spectra of its E isomer are shown in Fig. S1 (ESI†). Its
dilute solution in THF is non-emissive but its nanoaggregates
in an aqueous mixture containing a large fraction of water
( fw = 95 vol%) are highly luminescent.
The absorption and emission spectra of the solutions of
(Z)-TPE-FM are virtually the same as those of its E counterpart.
These spectra are thus of little value in terms of studying its EZI
process. However, the reverse rotation of the substituted DPM
units in TPE-FM and the reformation of the olefinic double
bond give a structure with an opposite configuration, whose
chemical shifts may be distinguished by NMR spectroscopy.
This proves to be the case: the 1H NMR spectra of the TPE-FM
isomers are indeed diﬀerent (Fig. 3). Using single crystals of the
isomers, the resonance peaks in the NMR spectra are readily
identified. In the chemical shift region for aromatic protons,
the E isomer gives a resonance peak at d 6.905 (Fig. 3a), whereas
the Z isomer shows two unique peaks at d 6.974 and 6.958
(Fig. 3c). The methoxy groups in the E and Z isomers resonate at
d 3.750 and 3.753, respectively. The photoinduced EZI process
of TPE-FM can thus be conveniently followed by monitoring the
changes in these resonance peaks.
TPE-FM readily undergoes EZI reaction when the solutions of
its isomers (B10 mM) are irradiated by a UV lamp (l = 312 nm)
with a high power (B0.47 mW cm2) for 15 min. New resonance
peaks associated with the Z geometric isomer appear in the
1H NMR spectrum of the original E isomer [cf., spectra (a) and (b)
in Fig. 3]. These spectral data are in good agreement with the
observations in our previous studies on the photoinduced EZI
processes of the TPE derivatives. Whereas the NMR technique is
very useful, it is rather insensitive: it does not give discernible
resonance signals if the species is low in concentration. Dye
concentrations used in the routine PL measurements, however,
are usually very low. In our previous investigations, we failed to
capture the EZI signals of the TPE derivatives by 1H NMR
spectroscopy under such conditions.19 To verify whether the
Scheme 2 (a) Synthesis of 1,2-bis(4-fluorophenyl)-1,2-bis(4-methoxy-
phenyl)ethene (TPE-FM) and (b) crystal structures of its pure E and Z
configurational isomers.
Fig. 2 Chemical structure of the molecular adduct of TPE and fluorescein
(TPE-Fl).
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EZI processes occur in such dilute solutions, great care must be
taken to prepare samples with enough amounts of isomerized
species that can be captured by the NMR spectrometer.
In this work, elaborate eﬀorts were made to prepare such
samples. A stock solution with a concentration common for the
PL measurement (B10 mM) was prepared by dissolving TPE-FM
in a dry nitrogen-purged hexane. Cuvettes with small amounts
(3 mL) of the stock solution were irradiated by the 312 nm UV
light from the xenon lamp with a low power (B0.012 mW cm2)
in the spectrofluorometer for specific periods of time. After three
samples irradiated under the identical conditions were collected,
the solvent was evaporated by using a dry nitrogen stream in
a dark room. The sample was then re-dissolved in dichloro-
methane-d2 for NMR measurement. Though the sample was
concentrated to B0.1 mM, a good spectrum still could not be
obtained if it was scanned forB5–10 min. The sample was thus
scanned for a long period of time (10 h). This allowed us
to finally obtain 1H NMR spectra with high quality from the
UV-irradiated dilute solutions.
Upon irradiation, the E isomer of TPE-FM starts to show new
resonance peaks associated with its Z isomer at d 6.974 and
6.958 in the 1H NMR spectra (Fig. 4). The peaks, however, are
too small to be used for accurate evaluation. The change in the
resonance signal of the methoxy proton at d 3.753 is bigger and
hence more useful. The NMR signal is gradually intensified by
lengthening the irradiation time. The ratio of the Z isomer in
the mixture after exposure to the UV irradiation by the xenon
lamp inside the spectrofluorometer can be calculated by inte-
grating the area of the resonance peak of the methoxy proton in
the 1H NMR spectrum. As shown in Fig. 5, the Z ratio increased
toB14% after the E isomer was irradiated for 5 min, revealing
that the photoinduced EZI process of TPE-FM does occur even
at low concentrations under low-power excitation.
It has become clear that EZI and intramolecular rotation
both occur when a TPE-FM solution is irradiated by a UV light,
but which process plays a major role in quenching the emission
of the AIEgen in the solution state? Although the conforma-
tional relaxation dynamics of excited states of TPE derivatives
have been extensively examined, it has been diﬃcult to separate
the EZI and rotation processes.17–19 The intramolecular rotation
is a physical process that requires little energy and can occur even
under thermal perturbation.18c,20 (In fact, the phenyl rings in the
TPE derivatives are fast rotating in solutions even at 90 1C.21)
The intramolecular rotation is active under ambient conditions,
especially in dilute solutions, unless it is spatially constrained.
EZI, on the other hand, is a chemical process that requires the
olefinic double bond to be broken first. The chemical bond is
cleaved only after the molecule is irradiated by a UV light. This
difference between EZI and intramolecular rotation may be
utilized to distinguish the two quenching processes.
To explore the possibility of diﬀerentiating the luminescence
quenching processes, we designed and synthesized a molecular
Fig. 3 1H NMR spectra of (E)- and (Z)-isomers of TPE-FM in dichloro-
methane (a and c) before (original) and (b and d) after exposure to a UV
lamp for 15 min (irradiated). Lamp power:B0.47 mW cm2, lex = 312 nm,
cB 10 mM. Intensities of the resonance peaks in the chemical shift region
of d 7.1–6.6 are magnified to reveal the spectral details.
Fig. 4 1H NMR spectra of (E)-TPE-FM solutions (B10 mM) (a) before and
(b–g) after irradiation with UV light (lex = 312 nm) from the xenon lamp
(B0.012 mW cm2) in the PL spectrometer for defined periods of time.
Fig. 5 Changes in the Z ratio of TPE-FM with irradiation time; data calcu-
lated from the 1H NMR spectra shown in Fig. 4 (K) and obtained from the
experiments repeated under the same conditions (J).
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adduct of TPE and Fl, i.e., TPE-Fl (Fig. 2), by the condensation
of Fl with an acid chloride of TPE, i.e., (1,2,2-triphenylvinyl)-
benzoyl chloride (Scheme S1, ESI†). We then carried out a two-
colour excitation experiment. Due to the strong overlap between
the main absorption peak of Fl and the very weak solution emis-
sion of TPE atB490 nm, Fl will readily absorb the emission from
TPE through the fluorescence resonance energy transfer process.
The TPE and Fl units absorb the photons of higher and lower
energies, respectively. With the irradiation of TPE-Fl by the light
with a shorter wavelength, the higher-energy light is absorbed by
the TPE unit that can cleave the ethylenic double bond of TPE,
causing the EZI reaction to occur. On the other hand, during the
irradiation of TPE-Fl by a light with a longer wavelength, the
lower-energy light is not absorbed by the TPE unit and thus is
incapable of cleaving the ethylenic double bond of TPE, hence
resulting in no EZI. This diﬀerent response to light wavelength
of TPE-Fl enables us to evaluate the relative contributions to the
luminescence quenching by the EZI and intramolecular rota-
tion processes.
As can be seen from Fig. 6a, there are two main peaks at
B340 and B450 nm in the absorption spectrum of the TPE-Fl
solution in an ethanol/buﬀer mixture.22 The former and latter
peaks are assigned to the absorptions by the TPE and Fl units,
respectively, through the comparison with the UV-vis spectra of
the solutions of the individual TPE and Fl molecules recorded
under the same conditions. The PL spectrum of the TPE-Fl
solution taken under an excitation of 480 nm (Fig. 6b) is much
weaker than that of Fl.22 It is further weakened when the solution
was excited at 330 nm. The relative PL eﬃciencies of TPE-Fl
obtained under diﬀerent excitation wavelengths are plotted in
Fig. 6c. Fl was used as the reference: its FF was set as 100% for
comparison. The FF values of TPE-Fl are always lower than that
of Fl under the identical measurement conditions. Evidently,
the TPE moiety in TPE-Fl serves as a quenching site for the PL
process of the luminogen, primarily through its intramolecular
phenyl ring rotation.
The decrease in FF is lex dependent: the PL eﬃciencies of
TPE-Fl are 19.2% and 9.2% (relative to that of Fl), when its
solutions are excited at 480 and 330 nm, respectively (Fig. 6c).
The absorption edge of TPE is located in the UV region (r410 nm;
Fig. 6a), meaning that it practically does not absorb visible light.
Its ethylenic p bond can hardly be broken by the excitation of a
visible light with a wavelength of 480 nm (o60 kcal mol1). As a
result, its EZI process is unlikely to occur. The loss in FF of TPE-Fl
thus should be mainly due to the intramolecular rotation of the
phenyl rotors in its TPEmoiety. When excited at 330 nm, however,
the higher-energy UV light (B87 kcal mol1) can readily break the
ethylenic p bond (B63 kcal mol1),23 leading to the EZI reaction.
The decrease in FF caused by EZI, however, is much smaller
(DFF = 10%) than that brought by the intramolecular rotation
(DFF = 80.8%). The molecular motion has thus played a
predominant role in quenching the emission process of TPE-Fl.
Through the two-colour excitation experiment, the relative con-
tributions of the EZI and intramolecular rotation to the PL process
of TPE-Fl are readily distinguished and quantified.
The UV irradiation elevates TPE-Fl to the excited state. The
electron in its ethylenic unit is thus promoted from the bonding
(p) orbital to the non-bonding (p*) orbital.24 According to the
theoretical calculation, the length of the ethylenic CaQCa0 bond in
diphenyldimethylethene, a TPE derivative with two phenyl rings
replaced by two methyl groups, is 1.36 Å in the ground state.24
Upon excitation, the bond length is increased to 1.46 Å, close to
that of its Ca–Cb single bond (1.50 Å). Due to the p bond cleavage
by UV photoexcitation, the double bond becomes essentially a
single bond (Ca–Ca0), with its bond angle enlarged from 6–71 to
491.24 The ethylenic bond of the TPE unit in TPE-Fl should also
be broken by absorbing the 330 nm UV light. The big twisting
angle of the resultant Ca–Ca0 single bond enables the DPM units
to flip back and forth, leading to an EZI process.3b,25,26
Clearly, two major steps are involved in the EZI reaction of a
TPE derivative: (1) the breakage of the alkene double bond
(CaQCa0) and (2) the rotation of the aryl rings around the newly
formed alkane single bond (Ca–Ca0). The double bond is broken
upon absorbing the UV light, while the intramolecular rotation
occurs in the excited state. The exciton energy is consumed
by the 2nd step in the EZI process, or the excited species are
annihilated by the molecular motion. Thus, though the decrease
in FF of TPE-Fl by the 330 nm UV irradiation is ascribed to the
EZI process, its real mechanistic cause is the Ca–Ca0 bond
twisting or rotation. In the UV irradiation system, the rotation
of the phenyl rotors around the Ca–Cb single bonds should be as
active as in the 480 nm excitation system. The intramolecular
Fig. 6 (a) UV spectra of TPE in THF solution and TPE-Fl and Fl in ethanol/
buﬀer mixtures (1 : 1 v/v) with pH = 6 (keeping the Fl moiety in the mono-
anionic form). (b) PL spectra of a TPE-Fl solution (c B 10 mM) recorded at
diﬀerent excitation wavelengths. (c) Relative PL quantum yields of TPE-Fl in
solution measured at diﬀerent excitation wavelengths using Fl as reference.
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rotations of the aryl rings (around the original Ca–Cb single
bonds) and the DPM units (around the newly generated Ca–Ca0
single bond) collectively quench the Fl emission in TPE-Fl to a
great extent (90.8%).
Concluding remarks
RIR has proven to be the main mechanistic cause for the unique
AIE eﬀects observed in many luminogen systems based on pure
aromatic molecular rotors such as HPS.3 Its validity in the AIE
systems containing olefinic double bonds, however, has been an
issue of concern, as such AIEgens can undergo photoinduced EZI
transformation. EZI has often been blamed to be the cause for
quenching the PL of the stilbene-based and naturally occurring
luminogens, e.g., fluorescent proteins.17h,18 Because of the easy
synthetic accessibility, a significant stream of AIE research has
been done on TPE derivatives.3–14 It is therefore of great impor-
tance to decipher the operating mechanism in the TPE-based
AIEgen systems. To learn whether EZI is involved and what role it
plays in the emission processes of TPE-based AIEgens, in this
work, we designed and synthesized a new TPE derivative, i.e.,
TPE-FM. We efficaciously isolated its E and Z isomers by simple
column chromatography and obtained their single crystals for
structural analysis, particularly configurational determination.
Through elaborate eﬀorts, we verified the involvement of
EZI in the emission processes of the TPE-FM isomers and
monitored their EZI reactions in dilute solutions even under
the normal PL measurement conditions. We also prepared a
molecular adduct of TPE and Fl, i.e., TPE-Fl, and studied its
emission behaviours under irradiations by UV (330 nm) and
visible (480 nm) light that are capable and incapable of break-
ing the ethylenic p bond of the TPE unit, respectively. The study
with two-colour excitation experiments has revealed that EZI
plays only an insignificant role in quenching the PL of TPE-Fl.
We have further looked into the major elementary steps of the
EZI reaction and clarified that even in the EZI process, it is the
intramolecular rotation of the DPM units around the newly
formed Ca–Ca0 single bond that has caused the radiationless
decay of the TPE unit.
To sum up what we have described above, through this study,
we have made the following points clear: (1) EZI is involved in
the PL process of TPE-FM; (2) compared with the Ca–Cb single-
bond rotation, EZI plays only a minor role in the PL quenching
process of TPE-FM; and (3) in the EZI process of TPE-FM, it is not
the p-bond breakage but the Ca–Ca0 single-bond rotation in the
excited state that has facilitated the non-radiative deactivation of
its excitons. TPE-FM is non-emissive in the solution state, due to
the collective effects of the intramolecular rotations of its aryl
and DPM rotors around the (existing) Ca–Cb and (new) Ca–Ca0
single bonds. These rotations are hindered in the aggregates.
The restriction of the intramolecular rotations by the physical
constraint in the aggregates blocks the radiationless relaxation
channels of the AIEgen molecules. This RIR mechanism acti-
vates the AIE process, thus enhancing the PL of the AIEgen
molecules in the aggregate state.
The mechanistic insights gained in this work fill up a gap in
themechanistic study of AIE processes, which is instructive to the
design and development of new AIEgen systems from olefinic
luminogens or even chromophores carrying heteroatom double
bonds. TPE has been used as a versatile building block for the
construction of a wide variety of AIEgens and has served as a
‘‘magic wand’’ for transforming ACQ luminophores to AIEgens.3
Furthermore, many Schiﬀ bases with aromatic rings connected
by CQN bridges have been found to show AIE eﬀects.27–30 It is
envisioned that more exotic fluorescent and phosphorescent
AIEgens will be explored from the luminogens comprising other
heteroatom double bonds, such as CQO, CQS, CQP, BQN and
SQO, under the guidance of the RIR working principle.31–35 The
two-colour excitation approach to differentiate and quantificate
PL quenching processes can be easily applied to other luminogen
systems, providing a versatile tool for the mechanistic study of
various luminescence processes.
Experimental
Materials and instruments
THF was distilled from sodium and benzophenone immediately
prior to use. Chloroform was distilled over calcium hydride.
1-( p-Bromophenyl)-1,2,2-triphenylethene was prepared using the
literature procedures.33 Iodomethane was purchased from RDH
chemical Co., Ltd and fluorescein was provided by Sinopharm
Chemical Reagent Co., Ltd. Other chemicals were purchased from
Sigma-Aldrich. All the commercially available chemicals were
used as received without further purification.
1H and 13C NMR spectra were measured on a Bruker AV400
NMR spectrometer using chloroform-d or dichloromethane-d2
as solvent and TMS as internal reference. UV-vis absorption
spectra were recorded on a Milton Ray Spectronic 3000 array
spectrophotometer. PL spectra were recorded on a Perkin-Elmer
LS 55 spectrofluorometer. HRMS spectra were obtained from a
GCT Premier CAB 048 mass spectrometer operated in LD-TOF
(or Cl-TOF) mode. Elemental analysis was carried out using an
ElementarVario Micro Cube. Single crystals of TPE-FM were
grown from a hexane/dichloromethane (3 : 1, v/v) mixture at room
temperature. X-ray diﬀraction data were collected at 100 K on a
Bruker-Nonices Smart Apex CCD diﬀractometer with graphite
monochromated Mo Ka radiation. Processing of the intensity
data was conducted using the SAINT and SADABS routines, and
the structure and refinement were carried out using the SHELTL
suite of X-ray programs (version 6.10).
Synthesis and characterization
Synthesis of (4-fluorophenyl)(4-methoxyphenyl)methanone.
A solution of 4-fluoro-40-hydroxybenzophenone (0.43 g, 2 mmol)
in acetonitrile (20mL) and aqueous KOH (2M, 1.0mL) was stirred
at room temperature for 30 min. Iodomethane (140 mL, 2.2 mmol)
was added into the solution and the mixture was heated under
reflux for 3 h. After cooling down, the solvent was evaporated
under reduced pressure. The residue was then suspended in
chloroform (20 mL) and filtered. After solvent evaporation,
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the crude product was purified by recrystallization from chloro-
form to yield 0.38 g (83%) of the title compound, i.e., (4-fluoro-
phenyl)(4-methoxyphenyl)methanone. 1H NMR (400 MHz, CDCl3)
d (TMS, ppm): 7.80 (m, 4H), 7.15 (t, 2H), 6.98 (d, 2H), 3.89 (s, 3H).
Synthesis of TPE-FM. Amixture of (4-fluorophenyl)(4-methoxy-
phenyl)methanone (1.15 g, 5 mmol) and zinc (1.31 g, 20 mmol)
was stirred in dry THF at 78 1C for 1 h. Titanium tetrachloride
(1.1 mL, 10 mmol) was added dropwise into the mixture. The
reaction mixture was heated to reflux for 12 h. After being cooled
down to room temperature, the mixture was filtrated and the
filtrate was dried under reduced pressure. The crude product was
purified by column chromatography using hexane/dichloromethane
(20 :1, v/v) as an eluent to separate its E and Z isomers. Global yield
for the reaction was 73% (0.78 g, 1.82 mmol), while 0.31 g and
0.22 g of the E and Z isomers were obtained, respectively, after
final recrystallization.
Characterization data for (E)-TPE-FM: 1H NMR (400 MHz,
CDCl3) d (TMS, ppm): 6.98 (dd, 4H), 6.89 (d, 4H), 6.80 (t, 4H), 6.65
(d, 4H), 3.75 (s, 6H). 13C NMR (400 MHz, CDCl3) d (CDCl3, ppm):
162.5, 160.0, 158.1, 140.0, 138.7, 136.0, 135.9, 132.9, 132.8, 132.4,
114.7, 114.5, 113.2, 55.1. HRMS (CI-TOF):m/z 428.1582 [M+, calcd
428.1588]. Anal. Calcd for C28H22F2O2: C, 78.49; H, 5.18. Found:
C, 78.36; H, 5.29.
Characterization data for (Z)-TPE-FM: 1H NMR (400 MHz,
CDCl3) d (TMS, ppm): 6.96 (dd, 4H), 6.92 (d, 4H), 6.79 (t, 4H),
6.66 (d, 6H). 13C NMR (400 MHz, CDCl3) d (CDCl3, ppm):
162.5, 160.1, 158.1, 140.0, 139.9, 138.7, 136.0, 132.9, 132.8,
132.4, 114.8, 114.6, 113.2, 55.1. HRMS (CI-TOF): m/z 428.1577
[M+, calcd 428.1588]. Anal. Calcd for C28H22F2O2: C, 78.49; H,
5.18. Found: C, 78.61; H, 5.20.
Synthesis of 4-(1,2,2-triphenylvinyl)benzoic acid (compound 1).
To a THF solution of 1-( p-bromophenyl)-1,2,2-triphenylethene
(1.6 g, 3.89mmol) at78 1C, n-butyllithium (2.9 mL, 4.64mmol)
was added dropwise under stirring. The reaction mixture was
further stirred for 2 h to get a dark brown solution. Dry ice was
added in small portions to the solution under nitrogen. The
reaction mixture was allowed to warm up to room temperature
and stirred for 12 h. The solvent was evaporated under reduced
pressure and the crude product was purified by the silica-gel
chromatography using dichloromethane/methanol (9 : 1, v/v) as
an eluent. Final yield was 85% (1.24 g, 3.31 mmol). 1H NMR
(400 MHz, DMSO-d6) d (DMSO-d6, ppm): 7.66 (d, 2H), 6.95–7.11
(m, 17H). 13C NMR (100 MHz, MeOD-d4) d (MeOD-d4, ppm):
167.8, 148.1, 142.4, 141.8, 130.3, 128.3, 125.9. HRMS (CI-TOF):
m/z 376.1458 [M+, calcd 376.1463].
Synthesis of TPE-Fl. Into a dry dichloromethane solution
of compound 1 (0.38 g, 1 mmol), thionyl chloride (90 mL,
1.24 mmol) was added dropwise under stirring. After being stirred
at 40 1C for 2 h, fluorescein (0.33 g, 1 mmol) in 20 mL pyridine
solution was added dropwise into the solution. Several drops of
DMF were added into the mixture and the mixture was stirred at
40 1C for an additional 12 h. After having cooled down to room
temperature and addition of water, the mixture was filtrated. The
residue was washed with water several times and further purified
by silica gel chromatography using hexane/ethyl acetate (3 : 1, v/v)
as an eluent to yield 0.31 g (45%) TPE-Fl as a white powder.
1H NMR (400 MHz, CDCl3) d (TMS, ppm): 8.03 (d, 1H), 8.01
(d, 2H), 7.64 (m, 2H), 7.18 (d, 2H), 7.16–7.11 (m, 10H), 7.06–7.00
(m, 6H), 6.86 (dd, 1H), 6.81 (d, 1H), 6.70 (d, 1H), 6.63 (d, 1H), 6.53
(dd, 1H), 5.91 (s, 1H). 13C NMR (100 MHz, CDCl3) d (CDCl3, ppm):
169.8, 165.0, 158.4, 152.2, 152.0, 150.1, 143.1, 143.0, 142.9, 139.6,
135.2, 131.6, 131.2, 129.9, 129.7, 129.2, 127.9, 127.7, 127.0, 126.4,
125.1, 124.1, 117.5, 116.7, 112.7, 110.5, 103.1. HRMS (LD-TOF):
m/z 691.2040 [M+, calcd 691.2042]. Anal. Calcd for C47H30O6: C,
81.72; H, 4.38; O, 13.90. Found: C, 81.46; H, 4.29; O, 13.43.
Photoirradiation of TPE-FM and NMR spectral measure-
ments. A stock solution with a concentration common for the
PL measurement (B10 mM) was prepared by dissolving TPE-FM
in hexane. Cuvettes with small amounts (3 mL) of the stock
solution were irradiated by the 312 nm UV light from the xenon
lamp in the spectrofluorometer for specific periods of time.
After three samples irradiated under identical conditions were
collected, the solvent was evaporated by using a dry nitrogen
stream in a dark room. The sample was then re-dissolved in
dichloromethane-d2 for
1H NMR spectral measurements. The
sample was concentrated to B0.1 mM and was scanned for a
long period of time (10 h).
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